Introduction
Well characterized ,M-hydroxo-bridged diam agnet ic complexes of ruthenium (III) containing a metalmetal bond are not known [1, 2] . We have found that monomeric complexes of the type MLC13, where L represents the cyclic triam ine 1,4,7-triazacyclononane ( [9] aneN3) may in many instances be readily hydrolyzed in aqueous solution to yield //-hydroxo bridged complexes with and without direct metalmetal interactions [3] .
Two edge sharing, A , or two face sharing octahedra, B, may be connected by ,w-hydroxo bridges, [4, 5, 8, 9] . In contrast, complexes of M o(III), M o(V) exhibit strong metal-metal bonding [6, 7] . A t the outset of this work we hoped to prepare ruthenium (III) complexes with one or other of the above structures. We here describe the preparation of Ru( [9] aneN 3)Cl3 and the characterization of its hy drolysis products, [Ru2L2(w-0 H )2(w-CH3C 0 2 )]3* and [Ru2L2(w-OH)2C12]2+. The mixed valence species [Ru2L2(u-C1)3]2+ has also been characterized. The electrochemistry and the m agnetic properties of these dinuclear complexes have been investigated. The crystal structure of [Ru2L2(w-0 H ) 2(w-CH3C 0 2)]I3-H 20 is also reported.
Experimental
The ligand 1,4,7-triazacyclononane (L) was pre pared as described previously [3] .
Preparation o f complexes
[Ru(dm so)2LClJCl: RuCl3-;cH20 (1 g) was dis solved in 20 ml of dimethylsulfoxide (dmso). This solution was heated to 160 °C for 15 min. To the cooled (20 °C) orange solution 0.65 g of 1,4,7-triazacyclononane ( [9] aneN3 = L, C6H 15N 3) were added with stirring. A fter heating for 10 min at 100 °C pre cipitation of a yellow microcrystalline material was achieved by cooling to 5 °C for 2 h. The yellow crys tals were filtered off and washed with ethanol and ether. Yield: 0.5 g.
[RuLCl3J: [Ru(dm so)2Cl]Cl (300 mg) was refluxed in 10 ml of conc. hydrochloric acid. A fter 5 min orange crystals precipitated which were filtered off and washed with acetone. Yield: 0.2 g.
[RuLBr3]: was prepared analogously using conc. H B r instead of HC1. Red-brown crystals were ob tained.
[RuL(C20 4)I]: [RuLCl3] (50 mg) was dissolved in 30 ml of a saturated aqueous solution of potassium oxalate with heating (100 °C). To the deep red solu tion sodium iodide (1 g) was added. Upon cooling red crystals precipitated which were filtered off.
[R uL2]I2-2 H20 : T o a suspension of [RuLC13] (100 mg) in 40 ml of H : 0 the ligand 1,4,7-triazacyclononane (0.3 g) was added. The suspension was heated under an argon atm osphere until a clear yel lowish-green solution was obtained. Upon addition of N al (3 g ) and cooling (5 °C) light-green crystals precipitated within 3 days, which were filtered off and washed with ethanol and ether.
From aqueous solutions of the iodide salt the salt [RuL2](PF6)2 was precipitated after addition of N aPF6.
[Ru2L2(jU-0H)2(iu-CH3C 0 2)JIr H20 : To a solution of 2 g of sodium acetate in 25 ml of H 20 were added 50 mg of RuLC13. Upon heating to 80 °C a clear yel low-green solution was obtained, from which green crystals were precipitated after addition of 1 g of Nal at 5 °C. The crystals were filtered off and washed with ethanol and ether.
A queous solutions of the above species were re duced with Zn under an argon atmosphere to yield blue solutions of the R u (II)-R u (III) mixed valence species. Such solutions were stable for a few hours. A ttem pts to isolate a crystalline sample of this species have failed. Using trifluoroacetate or fluoroacetate instead of sodium acetate for the hydrolysis of RuLC13 the corresponding ju -tnfluoroacetato-and //-fluoroacetato-bridged Ru(III)-dimers were prepared analogously.
/ Ru2L 2(,u-Cl)3](PF6)2 -4H 20 : 100 mg of RuLC13 were refluxed in 20 ml of w ater until a clear blue solution was obtained, to which 1 g of NaPF6 was added.
U pon cooling (5 °C) deep blue crystals precipi tated which were filtered off and dried in an exsic cator.
[Ru2L2(n-OH)2Cl2](PF6)2: 50 mg of [Ru2L2(m-C13)](PF6)2 were dissolved in 20 ml of water and refluxed for 48 h. To the then yellow-green solu tion 2 g of N aPF6 were added. At 5 °C yellow-green crystals precipitated which were filtered off and washed with ethanol and ether.
All complexes have been characterized by elem en tal analyses (Table I) .
Instrumentation
The apparatus used for electrochemical m easure ments has been described previously [10] . For all electrochemical experim ents, the solvent water con tained 0.1 M supporting electrolyte (NaPF6, Nal or N a-acetate) and the concentration of the respective ruthenium complex was ~ 10~3 M. M easurements were made under an argon atm osphere, the solvent was scrubbed with argon prior to measurements. Cyclic voltam m etry m easurem ents of the electrolyte and of samples containing the complexes were per form ed at scan rates 25-500 m V s '1 in order to ob tain diagnostic criteria from the peak potential and the peak current. The redox potentials are all given vs. the norm al hydrogen electrode (N H E) at 25 °C. C ontrolled-potential coulometry m easurem ents were m ade with a mercury pool electrode as working electrode. Integration of the current-time curve was achieved by means of a PAR M odel 179 integrator.
M agnetic m om ent m easurem ents were done both in solution and in the solid state. The apparatus for the latter experiments using the Faraday m ethod has been described previously [10] . Magnetic m om ent m easurem ents in solution were made using the E van's m ethod [11] on a Bruker WP-80 NM R spec trom eter. UV-visible spectra were recorded on a Unicam SP 8-100 at 20 °C in aqueous solution.
X-ray structural determination o f [Ru2([9]aneN3)2(M-0 H )2(^C H 3C 0 2)]I3 ■ H20
A crystal (0 . (Table II) . Intensity data were corrected for Lorentz and polari zation effects. No absorption correction was carried out. The scattering factors for neutral nonhydrogen atom s were corrected for both the real and the imagi nary com ponents of anomalous dispersion. The func tion minimized during least-squares refinem ent was 
19.00 (1) c [Ä] 9.714(7) The structure was solved using direct m ethods [12] (SH ELX TL). The positional param eters of all hy drogen atoms with the exception of those of the CH 3 group of the acetato bridge were located in differ ence Fourier syntheses. The positional param eters were not refined. Refinem ents were carried out with anisotropic therm al param eters for Ru, N, O, I atoms; the carbon atoms were refined with isotropic therm al param eters.
Final positional param eters for all nonhydrogen atoms are given in Table III and bond distances an bond angles in Table IV . F urther details of the x-ray structure determ ination are available as supplem en tary m aterial from the Fachinform ationszentrum Energie, Physik, M athem atik, D-7514 EggensteinLeopoldshafen, F .R .G ., under the code num ber CSD 50935.
Results and Discussion

Syntheses o f Complexes
Scheme I summarizes the synthetic routes used to complexes of ruthenium containing the tridentate cyclic amine 1,4,7-triazacyclononane. Pedersen's procedure for the preparation of ammine complexes of
l chrom ium (III) has been adopted [13] . RuC13-xH 20 was dissolved in dimethyl sulfoxide at 160 °C and the ligand was added. A yellow microcrystalline m aterial. [Ru( [9] Table IV . Some selected bond distances (Ä ) and bond ang- cations, twelve iodide anions, and four molecules of water of crystal lization per unit cell. In the complex cation two ruthenium (III) centers which are in a distorted oc tahedral environm ent of the cyclic triamine and three oxygen atom s, are connected by two hydroxobridges and a ^-acetato group. Bond distances for R u (III)-N and R u(III) -O found here are consi dered to be normal. The coordinated 1,4,7-triazacyclononane exhibits no unexpected features.
The R u l -Ru2 bond distance is rather short (2.572(3) Ä) [2] . This indicates together with the ob served diamagnetism of the complex cation that a m etal-m etal bond of bond order one exists. Interest ingly, this type of bridging between two transition metal centers has been investigated for two cobalt(III) centers (Co--Co 2.794 Ä) [14] where no metal-metal bond is involved and for two M o(III) centers (M o-Mo 2.471 Ä) [7, 16] The Ru -Ru bond distance of 2.572 Ä observed here is in agreem ent with a Ru -Ru bond order of one (o2jr d 2d*2jt*2). The O -M -O and M -O -M bond angles of the respective transition metals with the oxygen atoms of the oxo-or hydroxo-bridges clearly respond to the presence or absence of metal-metal bonds: the form er is acute and the latter is obtuse in cases with no metal-m etal bonding; when such in teractions are present the form er is obtuse and the latter is acute (Fig. 2) .
Two iodide anions are bound to N-or O-atoms of the cyclic amine or hydroxo bridge, respectively, via hydrogen bonding ( I T -H 1 -N I; I 3 -H 3 -N3; I3---H -0 3 ) . Two iodides (I3, I2) form hydrogen bonds to the molecule of water of crystallization (O w).
Magnetic properties o f dimeric complexes
The dinuclear species, [Ru2L2(jm-0 H ) 2(u-CH 3C 0 2)]3+ and [Ru2L2(a-O H )2Cl2]2+ were found to be diamagnetic (Table V) 
Electrochemistry o f mononuclear and dinuclear complexes
The electrochemical data are summarized in Tables VI and VII For the dinuclear complexes [Ru2L2(h -0 H )2(m -R -C 0 2)]3+ (R = CH?. C FH 2, C F3) one redox-process was observed, respectively, in the potential range of -0.60 and +0.40 V (Fig. 3 , solid line). These reversible waves have E 1/2 values of -0 .3 3 , -0 .2 8 and -0 .4 4 V for R = CH 3, CFH2, and C F3, respectively, and correspond to a one electron reduction-oxidation process per dimer as was deter mined from coulometric m easurements at a control led potential of -0.60 V. The peak current ratio Ip, ox/Ip. red was found to 1.0 and nearly independent of the scan rate. Thus mixed valence Ru(III, II) species are generated, eq. (1).
Electrolyses at a controlled potential (-0.6 V) of these dimers are accompanied by a dramatic change of color from yellowish-green to deep blue. Fig. 4 shows the UV-visible spectrum of [Ru2L2(u -0 H )2(>-CH3C 0 2)]2~ -a mixed valence species. U pon extension of the potential range to more nega tive values ( -1.30 V) a second reduction peak is ob served between -0.8----0.9 V (Fig. 3) , broken line). This wave is irreversible. R eoxidation leads to a variety of unidentified new complexes. Coulometric m easure ments at a controlled potential of -0.95 indicate that two electrons are consumed per R u(III)2 dimer. Therefore, the second peak corresponds to the chemi cally irreversible reduction of the R u(III) -Ru(II) mixed valence species generating R u(II) species, which are probably m ononuclear, eq. (2).
The cyclic voltammogramm of the mixed valence complex [Ru2L(«-Cl)3]2^ is interpreted analogously. A reversible one electron redox wave is observed at a potential range between 0.00 V and +0.70 V and a formal redox potential of +0.56 V has been deter mined. A t more negative potentials a second ir reversible process occurs at -0.29 V. The former process corresponds to the reversible oxidation of E[1 mol-1 cm-1] [21] [22] [23] [24] . Complexes with L' = 3N H 3 [21] , 3 H 20 [22] , 3 P (E t2Ph) [23] and 3A s(Ph)3 [24] have been investigated.
The species with L' = 3N H 3 is the most similar to our complex [21] ; a redox potential of +0.565 V for the couple [Ru2]3+ 2+ and a reduction potential of -0.365 V for the irreversible reduction of the mixed valence species have been reported.
The binuclear ruthenium complexes [Runi2L2(«-O H )2(w-R-C 0 2)]3+ and [Runi2L2(w-Cl)3] '+ show two sequential reductions, Ej and E 2, separated b y z lE 12 (Table VII) . The th e r modynamic significance of ZlE12 [25] is illustrated by the com proportionation equilibrium shown in eq. (3) and (4) . 
A E n • /?! • n2 • F c = 6XP -------R^T ------( ^ where n.\, n2 represent the num ber of transferred electrons in the first and second reduction process (nx = n2 = 1), F Faraday's constant, R the gas con stant and T the absolute tem perature. The difference of two reduction peak potentials zIE 12, are used in the above calculation of a com proportionation con stant because the formal redox potentials, E 1/2, for the second irreversible redox processes are not known. Numerical values of E j, E 2, and Kc are sum marized in Table VII . The large values observed here for Kc are indicative of substantial delocaliza tion of the unpaired electron [26] . The Ru(II) and R u(III) sites are equivalent and the oxidation state of the ruthenium centers in the dinuclear mixed-valence species is II72.
It is noted that the above procedure leads only to an estimate of the com proportionation constants which is due to the electrochemical irreversibility of the second waves in the cyclic voltammograms.
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